Objectives. This study sought to assess the effect of passive "bystander" epicardial electrodes on defibrillation efficacy.
defibrillator with transvenous leads is implanted in a patient in whom an epicardial patch is already in place but is not connected to a device. Using a canine model, we attempted to create such a current shunt or "short-circuit" pathway by placing a "bystander" patch on a part of the epicardium where the shock potential gradient field was already weak. We tested whether the inactive patch decreased the probability of successful defibrillation, presumably by altering the shock field. We also measured the potential gradients under and around the patch in a saline-saturated foam model to see whether the patch altered the shock field.
Methods
Defibrillation probability of success testing. The study was approved by the Institutional Animal Care and Use Committee at Duke University. It conformed to the "Position of the American Heart Association on Research Animal Use" adopted by the Association in November 1984.
Animalpreparation. Anesthesia was induced in 12 mongrel
dogs with intravenous pentobarbital (30 to 35 mg/kg body ©1995 by the American College of CardioloD, 0735-1097/95/$9.50 0735-1097(94)00558-8 weight) and maintained with a continuous infusion of pentobarbital at a rate of -0.05 mg/kg per min. Succinylcholine (1 mg/kg) was also given intravenously at the time of anesthesia induction. Supplemental doses of succinylcholine (0.25 to 0.5 mg/kg) were given hourly as needed to maintain muscle relaxation. The animals were intubated with a cuffed endotracheal tube and ventilated with room air and oxygen through a Harvard respirator (Harvard Apparatus Co.). A peripheral intravenous line was inserted using sterile technique, and normal saline solution was infused continuously. A femoral artery line was placed for hemodynamic monitoring as well as arterial blood gas analysis and electrolyte measurements. Normal metabolic status was maintained by taking blood samples every 30 to 60 rain and correcting any abnormal values. Electrocardiographic leads were applied for continuous monitoring of lead II. Body temperature was measured and maintained between 35°C and 37°C with a thermal mattress and heat lamp.
Electrodes. Using a transjugular approach, we advanced into the heart two l lF defibrillation catheters (Endotak, Cardiac Pacemakers Inc.) with a 3.7-cm 2 distal coil electrode 5 mm from the pacing electrode tip. Under fluoroscopic guidance, one catheter was positioned in the right ventricular apex as the anode for the first phase of the biphasic defibrillation shocks and as the stimulation catheter for the induction of fibrillation. The second catheter tip was positioned at the right atrial/superior vena cava junction as the cathode for the first phase of the biphasic defibrillation shocks. The chest was opened using a median sternotomy, and the heart was exposed and suspended in a pericardial cradle. Electrode position was then confirmed manually in all cases. Fibrillation and defibrillation protocol Ventricular fibrillation was induced by 60-Hz alternating current through the right ventricular apex defibrillation-catheter pacing electrode, grounded to the animal's chest wall. Fibrillation was allowed to continue for 10 s with the dog in end-expiration before attempting defibrillation. A failed shock was followed by a rescue shock of higher voltage delivered between the catheters. If the rescue shock failed, it was followed by internal paddle defibrillation using a Life-Pak 8 defibrillator (Physio-Control Corp.). A minimum of 4 rain elapsed between each fibrillationdefibrillation attempt. Fibrillation was not reinitiated until blood pressure and heart rate had returned to normal. The defibrillation electrodes were connected to a defibrillator (HVS-02, Ventritex Inc.) that delivered a single-capacitor biphasic shock from a 150-~tF capacitor bank. The truncated exponential biphasic shock used a second phase of opposite polarity to the first, with the second-phase leading-edge voltage equal to the first-phase trailing-edge voltage rounded to the nearest 10 V (Fig. 1) . Each phase of the biphasic waveform was set at 6 ms with a 1-ms delay between phases. The actual current and voltage waveforms delivered to the electrodes were obtained by isolating and recording the voltage across a 0.25-~ resistor in series with the electrodes and a 200:l,100-M~ resistor divider in parallel with the electrodes. These waveforms were digitized at 20 kl-k and recorded by a Data Precision 6100 waveform analyzer. Signal analysis software within the analyzer was used to calculate impedance and energy.
Dose-response curves for defibrillation were measured in six animals with and without an 18-cm 2 titanium mesh patch placed on the anterolateral left ventricle. A second control group of six animals underwent an identical defibrillation protocol using a nonconductive patch that included 1-mm thick silastic insulation between the patch and the heart. The order in which the dose-response curves were determined (patch present or absent) was randomized. The patch was sutured to the epicardial surface of the anterolateral left ventricular free wall (Fig. 2) , a region of low potential gradient for this electrode configuration (10) , and the pericardial sac was reapproximated to improve patch contact with the heart. The patch remained disconnected from any electrical source during the study. We determined a dose-response curve (11-13) by (14) that began with a leading-edge voltage of 500 V. The initial step size was 40 V. If the first shock failed, incremental 40-V shocks were tested until defibrillation was successful. If the first shock succeeded, decremental 40-V shocks were performed until the shock failed. After a reversal point was established, the step size was decreased to 20 V. After each successful shock the voltage was decreased by 20 V; after each unsuccessful shock it was increased by 20 V. This procedure was continued for a total of 20 shocks for trials with the patch on or with the patch off. At the end of the study euthanasia was induced with potassium chloride injection. The heart was removed and weighed. Probit analysis (15) was used to construct a probability of success curve from which 50% success levels of energy, leading-edge voltage and current were determined. Probability of success curves were generated for trials both with and without the patch.
In vitro potential gradient mapping.
Model. An experimental model was constructed to assess the effects of an inactive electrode patch on a homogeneous potential gradient field. A rectangular foam sponge (12.5 × 15.0 × 4.5 cm) was placed in a plastic reservoir. A rectangular brass plate shocking electrode was placed at each end of the reservoir and pushed firmly against the ends of the sponge. The reservoir was then filled with normal saline solution to the top of the sponge. The foam sponge was squeezed repeatedly to remove all air bubbles from the material and to allow complete saturation of the foam with saline solution. Thirty-two multielectrode arrays were placed on the top of the foam to map the potential gradient field created by shocks delivered to the brass plates. The arrays were distributed evenly over the surface of the foam, except in a region at the center where the inactive patch would be placed. In this region four arrays were positioned to measure the potential gradient beneath the patch. Additional arrays were placed at the edges of the patch region for more detailed mapping of this area (Fig. 3) .
Electrodes. Each multielectrode array consisted of eight silver/silver chloride recording electrodes 127 Ixm in diameter with gold traces leading to l-mm square bonding pads. The arrays were constructed using thin-film flexible circuit technology (16) . A thin layer of gold was deposited on a sheet of 0.127-mm Kapton substrate. A computer-generated circuit design was then patterned on the substrate through selective photochemical etching of the gold layer. Solid silver was electroplated to gold recording sites and then chloridized to form a silver/silver chloride electrode (17) .
Each array was used to measure the potential gradient at two sites. Each measurement site consisted of four electrodes arranged in a square with 4-ram diagonals (Fig. 4) . The components of the potential gradient at each site were determined by dividing the measured potential change between electrodes along each of the diagonals by the interelectrode spacing. The magnitude of the two-dimensional potential gradient was then calculated by taking the square root of the sum of the squared potential gradient components. sites gave reproducible recordings and were used for potential gradient mapping. For every shock delivered, differential voltages across diagonal electrodes of all multielectrode arrays were recorded using a multichannel cardiac mapping system (18) . All measurements were made at a 2-kHz sampling rate. The components and magnitude of the two-dimensional potential gradient at each site were calculated using the peak measured differential voltages.
Statistical analysis.
Results are expressed as mean value + SD unless otherwise stated. Using the paired Student t test we compared the 50% probability points of the nonpatch trials with the patch trials in both sets of animals.
Results
Defibrillation probability of success with and without a patch. Table 1 shows the leading-edge voltage, current and total energy at the 50% probability point for study animals with and without the conductive patch. In each animal the patch increased the energy requirements by more than double from 8.0 +-3.2 to 16.8 _+ 7.0 J (p < 0.01). The mean leading-edge voltage increased significantly from 334 ___ 64 to 477 _+ 98 V (p < 0.01). The mean current increased from 6.6 + 1.9 to 9.5 _+ 3.4 A (p < 0.05). Table 2 shows the 50% success points for the voltage, current, and total energy in the control animals, which underwent the same protocol using a nonconductive patch. There was no statistical difference in any variables measured in the control group. Figure 5 shows the fitted probability of success curves for a single dog in the control group (Fig. 5, top) and one in the study group (Fig. 5,  bottom) . The curves for the control group dog nearly overlap each other; the study-group dog had a distinct shift of the patch curve to the right, indicating higher defibrillation voltage requirements for a given probability of success. Impedances were not statistically different with or without the conductive patch or the nonconductive patch (Tables 1 and 2 ). Figure 6 shows threedimensional contour plots of the potential gradient fields before and after the addition of the inactive conductive patch for a 100-V shock. A shock delivered to the model without the conductive patch created a relatively smooth potential gradient field with a magnitude of -6 V/cm on the surface of the sponge (Fig. 6, left) . However, addition of the inactive conductive patch severely distorted the potential gradient field both under and around the edges of the patch (Fig. 6, right) . Beneath the conductive patch the potential gradient decreased to -1 to 2 V/cm. At the edges of the patch closest to the shocking electrodes the potential gradient increased to -10 to 15 V/cm. Similar changes in the potential gradient field were seen for the 50-and 200-V shocks.
Potential gradient mapping.
At the edges of the patch closest to the shocking electrodes there was an increase in the potential gradient field on the surface of the foam. In contrast, the potential gradient field under thc patch decreased far below the baseline level. This change in the potential gradient field under the patch is shown in Figure 7 as a function of shock voltage. For all three shock levels the conductive patch caused a significant (p < 0.01) decrease in the potential gradient magnitude under the patch, averaging 72 + 13%.
Discussion
Major findings. We hypothesized that during endocardial defibrillation, a conductive epicardial patch might serve as a current shunt and in effect "short circuit" an area of epicardium underlying the patch. This could detrimentally alter the shock field by lowering the potential gradient in this area. Mapping studies (4, 7, 9, 19) have demonstrated that in episodes of failed defibrillation, the earliest activations arise from the low gradient area and are responsible for the reinitiation of fibrillation. Therefore, an inactive electrode that decreases the shock field potential gradient could increase the voltage and energy required for defibrillation. Leading Edge Voltage (Volts) Figure 5 . Probability of success curves for a dog from the control group (top) and one from the study group during defibrillation probability of success testing (bottom). Fitted curves are shown for multiple trials with or without the patch.
We first performed defibrillation measurements in dogs with and without a passive conductive epicardial defibrillation patch electrode and found that defibrillation voltage, current and energy requirements are significantly higher with the patch present. This was not because the patch structurally or functionally altered the response of the heart to a shock because there was no difference in the defibrillation requirements for the control dogs with and without the nonconductive patch.
We investigated further the potential mechanism by which the patch could affect defibrillation efficacy. Potential gradient mapping in a foam model revealed a dramatic drop in the potential gradient magnitude under the patch, averaging 72% for the three shock intensities tested. The plaque caused an edge effect, with significantly increased gradients immediately outside its four corners and with the gradient beneath the patch quickly decreasing with distance inward from the edge. This gradient distribution supports the idea of a current shunt, with a high current density at the points where the current enters and leaves the patch. The depth to which the field is changed below the tissue-electrode interface is unknown.
Clinical implications. We believe that the shock electrode configuration played a significant role in our results and in the possible clinical implications of our findings. For a shock electrode configuration using superior vena cava and right ventricular apex endocardial catheters, the area of lowest potential gradient is the apicolateral region of the left ventricle (10) . The patch was placed in an area that overlapped the low gradient region and extended high on the anterolateral left ventricular wall. Our intent in using a large defibrillation patch in the low gradient area was to maximize any effect on defibrillation efficacy by lowering the voltage gradient under the patch.
However, this patch position is near the location in which the left ventricular patch is placed in many patients during implantation of a defibrillator. Therefore, a secondary objective of the study was to simulate a clinical scenario in which patients who already have epicardial patches in place, with or without a defibrillator, are undergoing transvenous catheter lead placement for technical or medical reasons. Possible reasons for such a scenario include generator pouch/lead infection, patch lead fracture/failure, chronically elevated defibrillation thresholds with high failure rates and patch placement without a defibrillator at the time of left ventricular aneurysm resection, antiarrhythmic operation or other openheart operative procedure (20) (21) (22) (23) (24) .
For any of the previously mentioned clinical scenarios, the results of this study raise the possibility that endocardial lead placement in a patient with epicardial patches may significantly increase defibrillation requirements, in some cases to the extent that the device is unable to defibrillate successfully. It has been demonstrated that transthoracic defibrillation requirements are increased by the presence of large epicardial electrode patches in animals; some animals could not be defibrillated (25, 26) . Although one mechanism for this increased energy requirement for defibrillation may be exclusion of current through parts of the heart by the insulated portions of the patches, an additional mechanism may be shunting of the current through the conducting portions of the patches.
This study suggests that if epicardial patch electrodes are present these electrodes should be connected to the defibrillator whenever possible. Thus if a defibrillator is being replaced because of battery exhaustion or a defibrillator is being implanted for the first time in a patient who previously had patches placed, one should deliver the shocks through the patch electrodes rather than implanting one of the newer transvenous lead systems. However if a left ventricular patch electrode cannot be used, because of lead fracture for example, then the patch may have to be removed surgically unless an efficient waveform, such as one of the new biphasic waveforms, can achieve a defibrillation threshold with an adequate safety margin. A recent unpublished study suggested that a passive right ventricular electrode does not significantly increase defibrillation requirements (Fotuhi P, personal communication, September, 1994) . Therefore, if the lead is fractured to the fight ventricular patch, the study by Fotuhi, Idriss and Ideker suggests that it may be possible to defibrillate with a lead configuration consisting of the left ventricular patch already in place and a newly implanted right ventricular catheter electrode.
Another possible scenario in which a passive electrode may alter defibrillation requirements involves an electrode config- uration that does not actively involve all electrodes present in or on the heart during a shock episode. When comparing the defibrillation efficacy of several different electrode configurations, many investigators have placed all electrodes to be tested in or on the heart at the beginning of the study (4, 19, (27) (28) (29) (30) (31) . An inactive electrode during a defibrillation trial may alter the true threshold of other electrodes, possibly increasing it above the actual value.
Within the limitations of extrapolating data from an in vitro foam model to an animal model, it is reasonable to assume that the potential gradient drop under the patch in the foam model approximates the change seen in the animal study. Because the locations of the active and passive electrodes in this study were chosen to maximize the opportunity to detect differences in Figure 7 . Potential gradient magnitude under the patch for all three shock levels. The shock level is shown along the X axis and the potential gradient along the Y axis. Mean potential gradient magnitudes measured with and without the patch are shown. Error bars -1 SD above the mean. Percent change in potential gradient with and without patch is shown as well. At each shock level there is a significant (p < 0.01) decrease in the potential gradient magnitude with the conductive patch. defibrillation success, defibrillation outcome and change in the shock field will probably differ with other electrode configurations. There was no overall effect upon the calculated resistance of the trials with the patch versus without the patch. Nonsignificant changes in impedance suggest that the fraction of the total shock current through the conductive patch is small; therefore small changes in the field can have large effects on defibrillation requirements.
Conclusions. These results demonstrate that the presence of a passive defibrillator patch in a low gradient area during a cardiac defibrillation shock can significantly increase the voltage, current and energy necessary to achieve defibrillation. In a foam sponge model of uniform conductivity, a significant decrease in the measured potential gradient occurs under the patch when a shock is delivered. A decrease in the potential gradient under the patch in the animal could lead to an area of subthreshold potential gradient. A failed shock could occur secondary to post-shock activation fronts originating in the low gradient area, causing resumption of fibrillation. This could preclude the use of an endocardial lead configuration in clinical situations in which epicardial patches are already in place and should lead to special consideration in study design for testing multiple electrode configurations.
